Abstract-Wavelength conversion by difference frequency generation is demonstrated in domain-disordered quasi-phasematched waveguides. The waveguide structure consisted of a GaAs/AlGaAs superlattice core that was periodically intermixed by ion implantation. For quasi-phase-matching periods of 3.0-3.8 µm, degeneracy pump wavelengths were found by secondharmonic generation experiments for fundamental wavelengths between 1520 and 1620 nm in both type-I and type-II configurations. In the difference frequency generation experiments, output powers up to 8.7 nW were generated for the type-I phase matching interaction and 1.9 nW for the type-II interaction. The conversion bandwidth was measured to be over 100 nm covering the C, L, and U optical communications bands, which agrees with predictions.
components that require assembly and are hence relatively large and expensive. Therefore, there is a requirement for making such systems more compact and lower power, and for employing integration techniques to replace manual assembly. As a first step, nonlinear waveguides extend the length of the optical interaction beyond what can be normally achieved with focused beams in a bulk crystal. Hence, PPLN waveguides are becoming increasingly deployed for difference frequency and parametric generation [1] [2] [3] .
The GaAs/AlGaAs semiconductor material system has been of interest as an alternative platform for parametric conversion devices. Compound semiconductors exhibit large nonlinear optical susceptibilities. Lithography and fabrication technologies for AlGaAs are mature and well established, leading to low manufacturing costs, high yields, and mass production. The typically large value for the refractive index and the ability to form waveguides by etching facilitates a much reduced mode cross-section in comparison to ion exchange waveguides in ferroelectrics. Hence, the size and power requirements for a parametric conversion device can potentially be reduced substantially. Furthermore, the transparency range of AlGaAs extends to 17 μm, which is further into the mid-infrared than typical ferroelectric crystals. This permits generation of an extended range of mid-IR wavelengths that are of interest for spectroscopy and optical sensing. GaAs/AlGaAs is a direct band gap semiconductor capable of efficiently emitting light and hence there is the potential for monolithically integrating pump laser sources directly on-chip. The power requirements can be reduced further with the incorporation of the nonlinear conversion element within the laser cavity itself.
Despite these advantages, phase matching the nonlinear conversion process remains a challenge as AlGaAs is isotropic and lacks a natural birefringence. Hence, artificial structures need to be implemented in order to meet the phase matching condition. There are several methods for achieving phase matching in III-V semiconductors [4] and thus far, difference frequency generation (DFG) has been demonstrated in formbirefringent GaAs/Al y O x waveguides [5] , [6] , wafer-bonded domain-reversal quasi-phase matching (QPM) waveguides [7] , orientation-patterned GaAs QPM waveguides [8] , and modal phase matching Bragg reflection waveguides [9] . These platforms generally have a number of limitations, particularly where the monolithic integration of active optical devices such as lasers for pumping is considered, including the use 0018-9197/$26.00 © 2011 IEEE
As-grown Intermixed Fig. 1 . Schematic of a domain-disordered quasi-phase matching waveguide. The superlattice core layer is patterned by quantum-well intermixing such that a grating with high (as-grown) and low (intermixed) χ (2) is formed to mediate the difference frequency generation process such that the idler wavelength (λ i ) is efficiently generated by the pump (λ p ) and signal (λ s ) wavelengths.
of complex fabrication processes, inherently high propagation losses, incompatibility of the wafer growth process with doped heterostructures, and higher-order modal requirements.
We have been investigating the use of domain-disordered QPM (DD-QPM) structures in GaAs/AlGaAs superlattices [10] . In this method, depicted in Figure 1 , a waveguide with a superlattice core is patterned by quantum-well intermixing (QWI) [11] to periodically suppress the second-order nonlinear susceptibility χ (2) . An advantage of using DD-QPM and a GaAs/AlGaAs superlattice platform is the potential to integrate the frequency conversion device with on-chip pump lasers. Recently, we demonstrated pump lasers emitting at around 800 nm, and wavelength multiplexing couplers using a superlattice waveguide structure [12] . Theoretical calculations from the superlattice electronic band structure have predicted that a large modulation in χ (2) of up to 100 pm/V can be obtained using this approach [13] . Using DD-QPM waveguides, we have demonstrated continuous-wave second-harmonic generation (SHG) [14] and type-II phase matched SHG [15] . In this paper, we report on difference frequency generation with GaAs/AlGaAs superlattice-core domain-disordered quasiphase matching waveguides. We show by calculations and experiments that the conversion bandwidth of such structures extends over 100 nm.
II. THEORY
In order to obtain an indication of the form of the tuning curves for DFG and parametric generation, we make use of the refractive index measurements reported in [16] . In this paper, Bragg coupling measurements were performed for both TE-and TM-polarised modes in a slab waveguide containing a 600 nm 14:14 monolayer GaAs/AlAs superlattice core both asgrown and after QWI at wavelengths centered around 830 nm and 1520 nm. The QWI technique used in this paper was the sputtered silica method [17] . The QPM average refractive index is taken to be the simple average of the as-grown and QWI values, which are themselves obtained by quadratic fits to the measured data in each of the wavelength bands.
The phase-matching criterion for first-order QPM is given by
where the subscripts p, s, and i indicate the pump, signal, and idler waves, respectively, and is the QPM grating period. The wavelengths are constrained by energy conservation such that 1
In the type-I configuration the relevant tensor component is χ (2) zxy with the shorter wavelength component (pump) being TM-polarised and the longer wavelength components (signal and idler) both TE-polarised. Figure 2(a) shows the calculated tuning curves for a three-wave interaction in the type-I configuration for the indicated QPM grating periods. Figure 2 (b) shows the detail of the tuning curve around the degeneracy point (corresponding to second harmonic generation) for a grating period = 3.8 μm, with the short-dashed lines indicating where the phase mis-match reaches k L = ±π (first zero for the sinc 2 conversion) for a 1 mm long waveguide. Therefore, even up to a ∼150 nm separation of the signal and idler wavelengths will still lie within the main lobe of the conversion efficiency using a pump wavelength corresponding to the degeneracy point.
In the type-II configuration the relevant tensor component is χ (2) xyz with the shorter wavelength component (pump) being TE-polarised and of the longer wavelength components (signal and idler), one is TE-polarised and the other TM-polarised. The type-II configuration is appropriate for the monolithic integration of a pump source, which normally emits only TEpolarised light. Figure 3(a) shows the calculated tuning curves for a three-wave interaction in the type-II configuration for the QPM grating periods shown. Figure 3(b) shows the detail of the tuning curve around the degeneracy point (corresponding to type-II second harmonic generation) for a grating period = 3.4 μm. Again, the short-dashed lines indicating where the phase mis-match reaches k L = ±π for a 1 mm long waveguide. The signal and idler are orthogonally polarised in this configuration so the tuning curves are not coincident, except at the degeneracy point. Furthermore, the degeneracy point does not necessarily correspond to the longest pump wavelength which can support a three-wave interaction. Starting from the degeneracy point and keeping the pump wavelength fixed, it is expected that the TE-component can be tuned up to ∼60 nm below the degeneracy point, or by up to a value much larger than the ∼100 nm range shown in the figure above the degeneracy point, and still lie within the main lobe of the conversion.
III. SAMPLE FABRICATION
The waveguide structure used for DFG experiments was the same as that in [14] . It consisted of a 600 nm thick core layer of 14:14 monolayer GaAs/Al 0.85 Ga 0. 15 As superlattice. On either side were 300 nm thick buffer layers of Al 0.56 Ga 0.44 As and 800 nm thick Al 0.60 Ga 0.40 As cladding layers. A 1.0 μm thick base layer of Al 0.85 Ga 0. 15 As was added below the lower cladding layer to isolate the optical modes from the substrate. All layers were grown on a semi-insulating GaAs substrate by molecular beam epitaxy.
DD-QPM gratings were formed by patterned QWI of the superlattice using ion implantation. A mask was formed by first using electron-beam lithography to write gratings of a range of periods in poly(methyl methacrylate) (PMMA) with a drawn duty cycle of 40%. A 2.3 μm thick Au implantation mask was deposited in the PMMA gaps by electroplating and the PMMA subsequently removed. Inspection of the mask showed that the proportion of open areas was slightly reduced from the nominal 40% value as written in PMMA. Ion implantation was carried out with 4.0 MeV As 2+ ions at a dosage of 2.0×10 13 cm −2 followed by rapid thermal annealing (RTA) at 775°C for 60 s. Lateral ion straggle results in implantation over a larger area than defined by the mask openings, and QWI is mediated by subsequent diffusion of the point defects under RTA. Thus, the variation in χ (2) with distance is not necessarily simply represented by the drawn grating duty cycle. Photoluminescence measurements at 77 K showed a band gap energy blue-shift of 76 nm in the intermixed regions of the sample.
Ridge waveguides 3.0 μm wide and 1.3 μm deep were fabricated by reactive ion etching and the final sample was cleaved to a length of 1 mm. Linear losses in these waveguides around 1550 nm measured by the Fabry-Perot method averaged 1.8 cm −1 in the TE polarisation and 3.7 cm −1 in the TM polarisation. Losses around 790 nm were estimated as 13 cm −1 for the TM polarisation and 24 cm −1 for the TE polarisation using a combination of Fabry-Perot and transmission measurements.
IV. OPTICAL MEASUREMENTS
SHG measurements were first carried out to identify the degeneracy wavelengths for DFG. Measurements were carried out using the ∼2 ps pulsed setup described in [15] , which consisted of an optical parametric oscillator pumped by a modelocked Ti:sapphire laser. The phase matching wavelengths at which SHG efficiency was highest were measured for various QPM grating periods and are shown in Figure 4 . The dashed lines indicate the phase-matching wavelengths based on the refractive index measurements reported in [16] . Note that there are significant differences between the samples used in the refractive index measurements from which the expected tuning curves were obtained, and those in the current frequency mixing experiments: (1) the wafer composition is different with the superlattice AlAs barriers replaced with Al 0.85 Ga 0.15 As, (2) the QWI technique was replaced with a high-resolution ion-implantation induced method, (3) slab waveguides were replaced with rib waveguides providing lateral optical confinement. Despite the sample differences, the predicted and measured variation of the phase-matching wavelength as a function of grating period have a similar form.
Difference frequency generation experiments were carried out using the setup depicted in Figure 5 . The Ti:sapphire laser was used as the pump wavelength source in continuous wave mode. The signal wavelength source was a tunable continuous wave C-Band laser followed by an erbium-doped fiber amplifier (EDFA). Signal and pump beams were combined by a beam splitter and coupled into the waveguide using a 10× objective lens. To compensate for the difference in the focusing length between the pump and signal beams in this objective, a 300 mm focal length spherical lens was inserted into the pump beam path before the beam splitter. Output light from the waveguide was collected by a 40× objective lens. The output pump and signal wavelengths were split using a longpass filter and focused onto separate photodetectors for power measurements. To identify the generated idler wavelength, the output beam was directed to a fiber-coupled optical spectrum analyzer (OSA).
We investigated type-I phase matched DFG by setting the signal to the TE polarisation and the pump to the TM polarisation. For the 3.8 μm QPM period, the pump wavelength was initially set to 791.7 nm for the degeneracy point as prescribed by the SHG measurement. The input signal power at the waveguide facet was 252 mW and input pump power was 45 mW. Transmission through the waveguide was observed to be 12.3% for the signal and 10% for the pump. The signal wavelength was adjusted over a few 10s of picometers to coincide with a Fabry-Perot resonance of the waveguide such that transmission and internal signal power were maximized. The signal wavelength range was constrained to less than 1560 nm such that the idler wavelength would be generated at wavelengths above 1600 nm where the amplified spontaneous emission (ASE) of the EDFA rolls off. The pump wavelength was slowly increased by up to 0.5 nm from its initial value to the point where the observed idler power peaked on the OSA, satisfying the phase-matching condition. This is within the accuracy for wavelength measurements using the OSA, but with continuous-wave inputs for both the pump and signal, there is likely to be significant heating of the sample. Hence the increase of the pump wavelength to maintain phase-matching could be in compensation for the thermo-optic effects causing a shift in the tuning curve, which was observed previously for SHG [14] . For a 1550.1 nm signal wavelength, the idler wavelength was found at 1620.7 nm. The output idler was found to be TE polarised, which is consistent with the type-I phase matching configuration.
To obtain the output idler power value, it was necessary to account for the coupling ratio into the input fiber of the OSA. This was done by comparing the signal wavelength peak power on the OSA with the power measured on the photodetector to derive a scaling factor. The idler power was then determined by multiplying the idler peak in the output spectrum measured on the OSA by this factor. After subtracting the ASE power and accounting for the output facet reflectivity, the internal output idler power was calculated to be 8.6 nW. The internal input signal power and pump power were calculated as 48.7 mW and 24.4 mW respectively after accounting for the facet reflectivity and linear losses. Thus, the signal-to-idler conversion efficiency was -67.5 dB. The normalized conversion efficiency for DFG is defined as
where P i , P s , and P p are the powers of the idler, signal, and pump, respectively, and L is the waveguide length. Using this definition, the efficiency was calculated as 0.072 %W −1 cm −2 . The linear loss can be taken into account to give the ratio of the measured conversion efficiency and the efficiency in the lossless case (η 0 ) by the equation
where α i , α s , and α p are the loss coefficients of the idler, signal, and pump, respectively, and α = The signal wavelength was scanned from 1535 to 1555 nm to test tuning of the idler. Figure 6 shows the recorded output spectra from the QPM waveguide for several signal wavelengths. The conversion efficiency was relatively uniform across this range, with the output idler power varying by less than 5 dB. Considering that the gain is expected to be relatively flat over this region, the conversion band likely extends from at least 1535 to 1637 nm without significant variation in the required pump wavelength. This represents a conversion bandwidth of over 100 nm, which spans the C, L, and U optical communications bands. The bandwidth may extend farther, however, limitations on the source wavelengths available and the detection ranges preclude more extensive testing.
Wavelength conversion by type-I DFG was also observed in a waveguide with a QPM period of 3.7 μm. The pump wavelength was initially set to 786 nm. While the idler peaks were clearly visible on the OSA, the peaks were at least 3 dB lower than in the 3.8 μm period waveguide. As a result, idler powers were only 2 dB above the ASE noise. This was expected since this waveguide's degeneracy point corresponds to a shorter pump wavelength, and therefore it experiences more band tail absorption. As a result, the effective conversion efficiency was lower in this shorter QPM period.
Type-II phase-matched DFG was observed in a waveguide with a 3.4 μm QPM period. The pump was set to the TE polarisation and to the type-II degeneracy wavelength for this waveguide, which was near 792.9 nm. Figure 7 shows the recorded output spectrum for two different polarisation setups: a) TE signal, TM idler, and b) TM signal, TE idler. In both cases, the polarisation of the idler was confirmed by inserting a polariser just before coupling the light into the fiber attached to the OSA input. The signal wavelength still shows up in the spectral plots since the polariser only rejects about 20 dB of the orthogonal polarisation. The polariser also had the effect of reducing the noise in the spectral measurements by rejecting the orthogonally polarised contribution to the ASE noise present in the input beam, consequently increasing the contrast of the generated idler. The measured data from the OSA also shows the high-order diffraction from the pump wavelength, which is aliased to 1586 nm. The presence of the pump in the spectrum did not affect the measurement and provides a useful reference to the degeneracy wavelength.
Using the scaling factor method as outlined previously, the output idler power was calculated to be 1.9 nW at the exit facet of the waveguide for the TE signal, TM idler case. This is four times lower than in the type-I measurements, which is commensurate with similar trends observed in SHG experiments [15] . The internal input pump power was 31.3 mW, and the internal input signal power was 51.7 mW. Signalto-idler conversion efficiency was -74.3 dB. From this, the type-II normalized conversion efficiency was calculated as 0.012 %W −1 cm −2 , which is six times lower than in the type-I case. The larger pump optical loss in the TE polarisation used for type-II phase matching is likely to significantly reduce the effective length of the nonlinear interaction and prove detrimental to the overall conversion efficiency. When accounting for the linear losses, the deduced lossless conversion efficiency becomes 0.044 %W −1 cm −2 , which is still over four times lower than the type-I interaction.
V. CONCLUSION
In summary, difference frequency generation was demonstrated in GaAs/AlGaAs DD-QPM waveguides formed by periodic intermixing. Nearly 9 nW of idler power was generated for type-I phase matching, while type-II phase matching produced less than one fourth as much for similar signal and pump wavelengths. Tuning of the signal wavelength demonstrated conversion over 20 nm from the C-band to idler wavelengths in the L-and U-bands and showed that the total conversion bandwidth spans at least 100 nm without significant adjustment of the pump wavelength.
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